Neurexin 1 (NRXN1), a presynaptic cell adhesion molecule, is implicated in several neurodevelopmental disorders characterized by synaptic dysfunction including autism, intellectual disability and schizophrenia. To gain insight into NRXN1's involvement in human cortical development we used quantitative real-time PCR to examine the expression trajectories of NRXN1, and its predominant isoforms, NRXN1-α and NRXN1-β, in prefrontal cortex from fetal stages to aging. In addition, we investigated whether prefrontal cortical expression levels of NRXN1 transcripts are altered in schizophrenia or bipolar disorder in comparison with non-psychiatric control subjects. We observed that all three NRXN1 transcripts were highly expressed during human fetal cortical development, markedly increasing with gestational age. In the postnatal dorsolateral prefrontal cortex, expression levels were negatively correlated with age, peaking at birth until~3 years of age, after which levels declined markedly to be stable across the lifespan. NRXN1-β expression was modestly but significantly elevated in the brains of patients with schizophrenia compared with non-psychiatric controls, whereas NRXN1-α expression was increased in bipolar disorder. These data provide novel evidence that NRXN1 expression is highest in human dorsolateral prefrontal cortex during critical developmental windows relevant to the onset and diagnosis of a range of neurodevelopmental disorders, and that NRXN1 expression may be differentially altered in neuropsychiatric disorders.
INTRODUCTION
Genetic studies have identified neurexin 1 (NRXN1; 2p16.3) as a risk gene for several neurodevelopmental disorders, including autism spectrum disorder, schizophrenia, developmental delay and mental retardation, 1-7 implicating a pleotropic role for NRXN1 in human cortical development. In schizophrenia, copy number variations disrupting the NRXN1 promoter and first exon have been observed, [8] [9] [10] [11] [12] [13] [14] [15] and meta-analyses reveal that the presence of deletions within the gene confer a substantial increase in risk of the disorder (odds ratio 4.78), which increases further when restricted to functional deletions 4100 kb (odds ratio 7.44). 8 Common genetic variation in NRXN1 has also been shown to impact clinical responsiveness to antipsychotic [16] [17] [18] and antidepressant treatments, 19 as well as nicotine dependence. 20, 21 The NRXN1 gene spans 1.12 Mb and contains 23 exons, making it one of the largest within the human genome. 22 Two major isoforms, NRXN1-α and -β, are each transcribed from alternative promoters. 23 The NRXN1-α promoter is located at the proximal end of the gene and is most frequently eliminated by microdeletions, whereas the -β promoter is located further downstream of exon 17 and usually is unaffected. In addition, the gene contains five canonical splice sites, which could give rise to potentially 41000 unique isoforms. 23, 24 NRXN1 is a member of the larger neurexin family of proteins (NRXN1-3), which function in the vertebrate nervous system as presynaptic cell adhesion molecules and receptors that have critical roles in synaptic development. 25 NRXN1 is a critical mediator of the assembly and maturation of synapses, with expression of NRXN1 (in non-neuronal cells) sufficient to induce synapse formation in co-cultured neuronal cells. 26 Presynaptic neurexin proteins form trans-synaptic adhesion complexes with postsynaptic neuroligin proteins. These neuroligin/neurexin adhesion complexes are responsible for the development of glutamatergic and GABAergic synapses, governing the balance of excitatory and inhibitory synapse formation and function in the central nervous system. [27] [28] [29] [30] In addition, several members of the neuroligin family have also been implicated in genetic risk for neurodevelopmental and neuropsychiatric disorders, including schizophrenia and autism spectrum disorder. 31, 32 Despite strong genetic candidacy for involvement in neurodevelopmental disorders, and NRXN1 being a fundamental regulator of synaptic function, the quantitative expression profiles of NRXN1 and its major isoforms during human brain development and maturation remain unknown. In this study we sought to characterize the expression of NRXN1 and its two major isoforms throughout normal human brain development as well as in a cohort of patients with schizophrenia or bipolar disorder. Together, our findings support the hypothesis that NRXN1, both alpha and beta isoforms, are highly expressed during critical periods of synapse development being enriched in the prefrontal cortex during the late gestational period and early postnatal life. In addition, we identify that NRXN1 expression levels are altered in a transcript-specific manner in the context of neuropsychiatric disorders, with the expression of NRXN1-α and NRXN1-β being subtly but significantly upregulated in the prefrontal cortex of patients with bipolar disorder and schizophrenia, respectively. These data provide the first evidence for a divergence in the involvement of individual NRXN1 isoforms in distinct neuropsychiatric disorders. Toxicological screening was performed on all cases for ethanol, cocaine and metabolites, opiates (including prescription narcotics, methadone and heroin), benzodiazepines and phencyclidine (substance abuse definition). Additional supplemental toxicology testing was done through National Medical Services (NMS Labs, www.nmslabs.com, Willow Grove, PA, USA), with screening for cannabinoids and metabolites, nicotine and cotinine and prescribed medications such as antidepressants, antipsychotics in psychiatric cases. Ethanol intoxication above 0.06 mg dl − 1 or the presence of any illicit drug were exclusion criteria for non-psychiatric controls. Toxicology was routinely performed on blood or cerebellar tissue, but some testing was performed in bile or urine depending on the availability of tissues. Full demographic information is also provided in Supplementary Table 1 .
MATERIALS AND METHODS

Sample preparation and real-time quantitative RT-PCR
Total RNA extraction, RNA quantitation and qualification as well as firststrand complementary DNA synthesis was carried out as previously described. 33 Expression levels of human NRXN1 and its predominant splice isoforms, NRXN1-α and NRXN1-β, were measured using Taqman Gene Expression Assays (Applied Biosystems, Life Technologies, Grand Island, NY, USA): Hs00985129_m1, Hs00373346_m1 and Hs00985123_m1, by realtime RT-PCR using an ABI Prism 7900 sequence detection system with 384well format (Applied Biosystems) and quantified via the standard curve method, as described previously. 33 The expression of NRXN1 transcripts in the human prefrontal cortex were highly abundant and the selected TaqMan Gene Expression Assays efficiently detected each transcript with Ct values for NRXN1 transcripts of 19-25 (pan NRXN1; hereafter referred to as NRXN1), 20-26 (NRXN1-α) and 20-28 (NRXN1-β). Our primary data analysis was based on the normalization of NRXN1 messenger RNA expression to the geometric mean of the quantity of three internal control genes: β-actin, GADPH and PBGD as described previously. 34 
Statistical analyses
Statistical analyses were performed using IBM Statistic SPSS, version 21. Effects of gestational age on NRXN1 isoform expression were analyzed in fetal brain samples (14-39 weeks) using Linear Regression analysis, controlling for sex. The effect of age on NRXN1 expression was assessed in non-psychiatric control individuals (0-85 years) by Linear Regression analysis controlling for sex, race, pH, RIN and PMI. The effect of diagnosis on NRXN1 expression was explored in age-matched samples (18-85 years) using analysis of covariance with diagnosis, sex and race as the fixed variables and RIN, pH, PMI as covariates. To examine potential effects of neuroleptic treatment on gene expression, correlations were explored between lifetime chlorpromazine equivalents and NRXN1 isoform expression in schizophrenia subjects using Spearman's correlation analysis. In addition, the effects of antipsychotic or antidepressant medication in bipolar patients on NRXN1 gene expression were explored using analysis of covariance with antipsychotic status and antidepressant status as fixed variables. Effects of substance abuse (positive or negative) on NRXN1-α, or NRXN1-β gene expression in subjects diagnosed with bipolar disorder or schizophrenia, respectively, were assessed by analysis of covariance. To assess effects of nicotine exposure on NRXN1 gene expression, univariate analysis of variance was used to explore main effects and the interaction between diagnosis and positive identification of nicotine. All experiments were conducted blind to diagnosis and age. All available samples were included in final analyses, with the exception of five fetal subjects (described above) who were excluded based on positive toxicology.
RESULTS
NRXN1-α and NRXN1-β expression increases during human fetal cortical development
We assessed quantitative expression of NRXN1 isoforms in human fetal prefrontal cortex derived from 39 fetal samples during the second trimester of gestation (gestational age 14-39 weeks). Expression levels of NRXN1, NRXN1-α and NRXN1-β were highly significantly correlated with gestational age (NRXN1: β = 0.785, F(2,36) = 31.509, P = 1.23E −8 ; NRXN1-α: β = 0.383, F = (2,36) = 5.024, P = 0.012; NRXN1-β: β = 0.664, F(2,36) = 15.513, P = 1.38E − 5 ). Expression of the transcripts increased significantly throughout fetal brain development, reaching peak expression levels at 39 weeks gestation (Figure 1a (Figure 2a-c) . Similar to the findings in fetal brain, expression levels of all three transcripts showed highly overlapping expression profiles during postnatal cortical development, with NRXN1, NRXN1-α and NRXN1-β expression levels being highest at birth, then steadily decreasing until~3 years of age, after which expression remained steady throughout childhood, adolescence and aging. These patterns of expression trajectories across late prenatal development, neonatal life, peri-adolescence and into aging are shown as interpolation plots (Figure 3a individuals diagnosed with either schizophrenia (n = 110) or bipolar disorder (n = 34) compared with group age-matched nonpsychiatric controls (n = 178). The expression levels of NRXN1-α were significantly elevated in patients with bipolar disorder compared with the non-psychiatric controls (F(1,198) = 6.706, P = 0.01) (Supplementary Figure S1a) . Of the 34 individuals with bipolar disorder, nine were positive for antipsychotic medication (status not available for two subjects) and 18 positive for antidepressants at time of death, as assessed by toxicological examination. There was no main effect of antipsychotic medication status (F(1,188) = 0.319, P40.05) or antidepressant status (F (1,188) = 0.589, P40.05) on NRXN1-α gene expression levels.
In schizophrenia, levels of NRXN1-β were significantly elevated in the dorsolateral prefrontal cortex of patients compared with the non-psychiatric controls (F(1,273) = 6.816, P = 0.01) (Supplementary Figure S1b ). Correlation analysis in a subset of schizophrenia patients (data available for n = 32) failed to demonstrate association of lifetime chlorpromazine equivalents with NRXN1-α expression (r = − 0.087, P40.05). Regarding substance abuse, 28 of the 34 patients diagnosed with bipolar disorder and 38 of the 110 patients with schizophrenia had a positive toxicology at time of death. As this was an exclusion criterion, no non-psychiatric control subjects were positive for substance abuse. Analysis of covariance showed no main effect of substance abuse on NRXN1-α expression in bipolar patients (F(1,196) = 0.217, P40.05) or on NRXN1-β expression in schizophrenia patients ((F1,267) = 2.839, P40.05). Nicotine status, as assessed at time of death, was available for a subset of each diagnostic group (n = 176 nonpsychiatric controls, n = 109 schizophrenia patients and n = 33 bipolar disorder patients). Univariate analysis of variance revealed no main effect of nicotine (P40.05) or interaction between diagnosis and nicotine status (F(1,203) = 0.418, P40.05) on NRXN1-α expression in bipolar disorder patients and non-psychiatric controls. In addition, no main effect of nicotine (P40.05) or interaction between diagnosis and nicotine status (F(1,279) = 0.362, P40.05) was observed on NRXN1-β expression in schizophrenia patients and non-psychiatric controls.
DISCUSSION
Here we provide quantitative insight into the developmental trajectory of NRXN1 isoform expression in human brain across the prenatal and postnatal lifespan. In support of recent genetic studies that have implicated the disruption of NRXN1 in the pathogenesis of several neurodevelopmental disorders, [1] [2] [3] [4] [5] [6] [7] we demonstrate that NRXN1 expression is highest during critical periods of human brain development, specifically during the second trimester to~3 years of postnatal age. In addition, we show that divergent isoform-specific expression changes exist in patients with schizophrenia or bipolar disorder. Together, these data provide insight into the relevance of NRXN1 in normal brain development and function and demonstrate how alterations in NRXN1 expression and modulation of NRXN1 splicing may be pathophysiologically relevant to neurodevelopmental and neuropsychiatric disorders.
Our findings of peak expression levels of NRXN1 in the human prefrontal cortex during the late embryonic period and early postnatal life strengthen the link between NRXN1 and neurodevelopmental disorders. [1] [2] [3] [4] [5] [6] [7] In accordance with previous findings that NRXN1 is essential for synaptogenesis, we found that NRXN1 expression peaks during critical periods for synapse construction, maturation, refinement and modulation. 35, 36 Remarkably, the expression trajectory of NRXN1-α and -β in the human cortex parallels the synaptic density profile in the postnatal human cortex. 37 In addition, previous studies have demonstrated that in the murine and chick brain, NRXN1 expression is detectable from embryonic day 10 and increases with development. [38] [39] [40] To our knowledge, the current study is the first to demonstrate the developmental expression trajectories of NRXN1 and its splice isoforms in the human dorsolateral prefrontal cortex.
Alternative splicing of NRXN1 is a dynamic process that is dependent on neuronal activity. [41] [42] [43] Splicing and alternative promoter usage in the NRXN1 gene is a highly regulated process that determines the interactions between NRXN1 variants and their preferential postsynaptic partners. Studies examining the alternative regulation of NRXN1 isoforms suggest that these differential trans-synaptic protein combinations confer a molecular code, which specifies the type of synapse that will eventually form in the developing brain. 26, 29, [44] [45] [46] [47] For example, NRXN1-α isoforms have been implicated in the development of GABAergic synapses, 26, 29, 44 whereas NRXN1-β variants are generally more selective in binding to glutamatergic postsynaptic partners such as Neuroligin-1 and Leucine-rich repeat transmembrane neuronal proteins (LRRTMs), 1 and 2. 29, [45] [46] [47] Interestingly, we identified subtle, but significant, disorderspecific increases in NRXN1-α and -β expression in bipolar disorder and schizophrenia, respectively, changes that did not correlate with potential confounds, including neuroleptic medication, nicotine exposure or substance abuse. Although the pathophysiological relevance of the changes is unknown, our data suggest an immature pattern of NRXN1 expression in these disorders, which may contribute to diagnostic-specific disruptions in the excitatory/inhibitory balance of the brain. Although these findings are somewhat unexpected in the context of observations that the majority of rare copy number variations identified in NRXN1 in psychiatric disorders, are hemizygous exonic microdeletions, [8] [9] [10] [11] [12] [13] [14] [15] which are predicted to decrease gene expression; they are not totally surprising. To our knowledge, empirical data on NRXN1-α or -β gene expression in brain (or the balance between the two isoforms) are absent in patients carrying microdeletions, making it unclear exactly what impact the mutations have on gene expression. Furthermore, our findings in conjunction with recent data demonstrating that increased NRXN1 expression in adult rodent cortex is associated with impaired learning and memory 48 lend support to the notion that elevated NRXN1 expression may be relevant to neuropsychiatric illness. We also note that given the low rates of copy number variations reported in schizophrenia (0.12-1.07% [8] [9] [10] [11] [12] [13] [14] [15] ) and bipolar disorder (0.2% 49 ), it is unlikely that rare copy number variations contribute to the expression changes observed in our study. Finally, despite the proposed genetic overlap in schizophrenia and bipolar disorder, 50 we report diagnostic-specific effects on NRXN1 isoform expression. Although the mechanistic basis of these molecular differences is unknown, they may reflect differential effects of illness state, disease course or disorder-specific genetic risk factors, which directly or indirectly affect NRXN1 expression. Further studies are required to address these questions.
In summary, our results demonstrate that NRXN1 alternative isoform expression is temporally regulated during critical periods of human neocortical development and identify potential differential molecular contributions of NRXN1-α and -β to schizophrenia and bipolar disorder.
